In this work the sample length dependence of giant magnetoimpedance for Fe 73:5 Cu 1 Nb 3 Si 13:5 B 9 nanocrystalline ribbons was investigated. The longitudinal magnetoimpedance ÁZ=Z 0 for Fe 73:5 Cu 1 Nb 3 Si 13:5 B 9 nanocrystalline ribbons decreases with the decreasing of sample length L due to the demagnetization effects. The demagnetization field lowers the permeability, especially for the very shorter sample. The magnetoimpedance ÁZ=Z 0 experiences a peak under a field H p due to the existence of transverse anisotropy. Different from the saturation behavior of H p at high frequencies for longer sample with L ¼ 40 mm, there is a maximum phenomenon of peak field H P at about 700 $ 900 kHz for shorter sample with L ¼ 13 mm. With increasing ac frequency, the peak-magnetoimpedance ðÁZ=Z 0 Þ p also experiences a maximum value for both longer and shorter samples. The maximum peak-magnetoimpedance ½ðÁZ=Z 0 Þ p max shifts to lower frequency with reduction of sample length.
Introduction
The giant magnetoimpedance (GMI) effect observed in soft magnetic materials has attracted great attention due to its many applications in various magnetic sensors. The origin of the GMI effect has been attributed to the combination of skin effect and the field variation of the penetration depth via the circumferential or transverse permeability associated with the circular motion of magnetic moments. GMI effect has been found in different kinds of materials, including Co based amorphous, [1] [2] [3] [4] [5] [6] Fe based nanocrystalline, [7] [8] [9] [10] [11] [12] [13] [14] Fe-Ni permalloy, 15, 16) bulk oxides, 17, 18) multi-layer 19) and plated wires. [20] [21] [22] Among those materials, CoFeSiB amorphous wire/ribbons, FeCuNbSiB nanocrystalline ribbon and Fe-Ni permalloy have been fabricated industrially in great amount for applications as soft magnetic materials in fields of power transformers, switched power supplies, digital telecommunication, electromagnetic shielding and flux gate magnetic detector. Of cause, the discovery of GMI effect opened a new application fields for the materials mentioned above. For the design of practical electronic circuit, the length of the GMI materials is an important parameter. However, only small attention has been paid to the length of GMI materials, such as (Fe,Cr)CuNbSiB nanocrystalline wires, 12) Fe(ZrNb)CuB nanocrystalline ribbons 13) and (CoCr)FeSiB amorphous ribbons. 6) Considering the huge amount of industrial production FeCuNbSiB nanocrystalline ribbons in the world, in the present work the sample length dependence of GMI effect for Fe 73:5 Cu 1 Nb 3 Si 13:5 B 9 nanocrystalline ribbons was investigated.
Experiments
The Fe 73:5 Cu 1 Nb 3 Si 13:5 B 9 alloy was prepared by arcmelting in Ar atmosphere. The Fe 73:5 Cu 1 Nb 3 Si 13:5 B 9 ribbons were prepared by melt-spinning process with Cu wheel speed of 40 m/s. The ribbon thickness is about 20 mm, and its width is 2 mm. The ribbons with lengths L ¼ 40, 28 and 13 mm were annealed in vacuum for 20 min at a temperature of 600 C, respectively. The longitudinal GMI measurements were performed using HP4294A impedance analyzer with the ac current amplitude of 20 mA at room temperature, where four terminal method was employed. The relative real permeability under zero field and transverse fields was measured using equivalent impedance method.
13) The X-ray diffraction measurement of annealed ribbons was carried out using Cu K radiation. Zð0Þ under various external dc fields H ¼ 2387, 4775 and 7162 A/m for Fe 73:5 Cu 1 Nb 3 Si 13:5 B 9 nanocrystalline ribbons with different lengths L ¼ 40, 28, 13 mm. It can be clearly seen that with increasing ac frequency, the magnetoimpedance ÁZ=Z 0 undergoes a maximum value at a certain frequency. It was showed that such maximum can be attributed to the competition between the enhancement of the skin effect and the reduction of the permeability with frequency.
Results and Discussion

X-ray diffraction pattern of Fe
21) The frequency dependence of the relative real permeability 0 under zero field and an external transverse field H ¼ 7162 A/m for samples with lengths L ¼ 40, 28 and 13 mm was plotted in Fig. 3 . Here we used a relative value rather than the absolute magnitude for permeability, since the permeability of the sample with different lengths was not measured using a ring-sample but a ribbon. The crystalline ribbons are very brittle, which can not be rolled into a ring. Fig. 2 , the maximum value of longitudinal magnetoimpedance ÁZ=Z 0 at a frequency about 1 MHz decreases with the decreasing of sample length L. As we know, the shorter the sample length is, the stronger the demagnetization effect along the sample becomes. The effective magnetic field upon the sample is smaller for the shorter than for the longer, when the external applied fields are the same. For shorter sample, more complex closure domain structures are formed at sample ends. 12, 13) The complex change of magnetoimpedance ÁZ=Z 0 for the short sample L ¼ 13 mm as shown in Fig. 2 may be due to the inhomogeneity of the transverse permeability resulting from the non-uniform distribution of the demagnetization field inside a rectangular sample.
6) It can be also seen from Figs. 3 and 4 that both the permeability at zero external field and the change of permeability under the same external transverse fields at low frequencies becomes smaller with decreasing the sample length. It confirmed the previous results that the demagnetization field reduces the soft magnetic properties of the ribbon itself, especially for the very shorter sample. 12, 13) Figures 5 and 6 showed the ac frequency dependence of magnetoresistance ÁR=R 0 ¼ ðRðHÞ À Rð0ÞÞ=Rð0Þ and magnetoreactance ÁX=X 0 ¼ ðXðHÞ À Xð0ÞÞ=Xð0Þ under H ¼ 7162 A/m, respectively. The increase of the magnetoresistance with frequency can be attributed to the enhancement of skin effect, while the decrease of both the magnetoresistance above 1 MHz and magnetoreactance may results from the drop of the permeability. 21 ) Figure 7 showed the dc field dependence of the longitudinal magnetoimpedance for samples L ¼ 40 and 13 mm. It is obvious that these two magnetoimpedance are very different. For sample L ¼ 40 mm, at low frequencies f ¼ 500 and 900 kHz, the magnetoimpedance ÁZ=Z 0 changes monotonically with field, and the impedance reduces, where the magnetization is controlled by the domain movement.
2,4) At higher frequency f ¼ 7 MHz, magnetoimpedance ÁZ=Z 0 experiences a peak under a field H p due to the existence of transverse anisotropy, where the magnetization turns to be controlled by the magnetization rotation mode. 2, 4) As shown in Fig. 8 , the H p for the sample L ¼ 40 mm is 159 A/m at 1 MHz, and is 318 A/m above 3 MHz. It seems that the H p reaches a saturation value at high frequency. On the contrary, for sample L ¼ 13 mm, it can be seen from Fig. 7 that a clear magnetoimpedance-peak occurs at low frequencies f ¼ 500 and 900 kHz, but becomes un-pronounced for high frequency f ¼ 7 MHz. Different from the saturation behavior of H p at high frequency for longer sample L ¼ 40 mm, there is a maximum phenomenon of peak field H P at about 700 $ 900 kHz for shorter sample L ¼ 13 mm, as shown in Fig. 8 . With the variation of ac frequency, the positive peak- magnetoimpedance ðÁZ=Z 0 Þ p also experience a maximum value under f ¼ 700 kHz for L ¼ 13 mm and f ¼ 5 MHz for L ¼ 40 mm. Similar to case of Fe(Zr,Nb)CuB nanocrystalline ribbons, 13) the maximum peak-magnetoimpedance ½ðÁZ=Z 0 Þ p max shifts to lower frequency with reduction of sample length.
Conclusions
In this work the sample length dependence of giant magnetoimpedance for Fe 73:5 Cu 1 Nb 3 Si 13:5 B 9 nanocrystalline ribbons was investigated. For practical applications, the miniaturization of sensors requires the smallest possible size of the GMI working elements, 13) however, the longitudinal magnetoimpedance ÁZ=Z 0 for Fe 73:5 Cu 1 Nb 3 Si 13:5 B 9 nanocrystalline ribbons decreases with the decreasing of sample length L due to the demagnetization effects. The demagnetization field lowers the permeability, especially for the very shorter sample. The magnetoimpedance ÁZ=Z 0 experiences a peak under a field H p due to the existence of transverse anisotropy. Different from the saturation behavior of H p at high frequencies for longer sample L ¼ 40 mm, there is a maximum phenomenon of peak field H P at about 700 $ 900 kHz for shorter sample L ¼ 13 mm. With increasing ac frequency, the peak-magnetoimpedance ðÁZ=Z 0 Þ p also experiences a maximum value for both longer and shorter samples. The maximum peak-magnetoimpedance ½ðÁZ= Z 0 Þ p max shifts to lower frequency with reduction of sample length. The sample length effect should be considered in the GMI circuit-design. Fig. 7 The dc field dependence of the longitudinal magnetoimpedance for samples L ¼ 40 and 13 mm. Fig. 8 The ac frequency dependence of peak field H p and its corresponding peak-magnetoimpedance ðÁZ=Z 0 Þ p .
